In order to accord well with the requirements of sustainable development and green construction, a cross-laminated bamboo composed of an odd number of orthogonally oriented layers of bamboo scrimber is proposed in this paper. Adjacent bamboo layers are face-bonded by structural adhesives under pressure. e uniform mechanical and physical properties can be obtained through the orthogonal layup. Flexural performances of three groups of one-way CLB slabs and two groups of one-way CLB slabs strengthened with CFRP grids were investigated via four-point monotonic loading configuration until failure. Experimental parameters of thickness of the layer, number of layers, and manufacturing processes of CFRP grids were taken into consideration. Experimental observations showed that the failure of the CLB slab was brittle, and different failure modes were found in the CLB slab with CFRP grids via different manufacturing processes. Test results showed that the load-carrying capacity increased with the thickness of the layer, number of layers, and application of CFRP grids pressed in the bamboo layer, but the CFRP grids pressed in the interface of adjacent bamboo layers weakened the load-carrying capacity. e strain analysis demonstrated that the compression region was utilized with more efficiency via CFRP grids pressed in the bamboo layer, and the plane cross section assumption is suitable for both CLB slab and CLB slab strengthened with CFRP grids. A theoretical calculation method of flexural load-carrying capacity was proposed for the CLB slab, the accuracy of which was proved.
Introduction
In order to accord well with the requirements of sustainable development and green construction, the construction industry is undergoing significant modification and improvement [1] . More environment-friendly, durable, and less-labor materials are required to be adopted. A typical biological material, wood, has been widely used in civil construction, car industry, furniture industry [2] [3] [4] , which satisfies above requirements. One of the most promising engineered wood products is cross-laminated timber (CLT). CLT consists of an odd number of orthogonally oriented layers of timber lumber [5] , and adjacent layers are facebonded via structural adhesives under pressure [6] .
is specific configuration provides CLT with excellent in-plane and out-of-plane strength, rigidity, and stability [1] , suitable for load-bearing panels and shear walls [7] . ere are still many disadvantages of wood including a long growth, slow regeneration, a significant shortage, and a low utilization rate of the raw materials [8, 9] . erefore, it is necessary to explore more feasible and appropriate materials based on sustainable requirements, and the bamboo is attracting researchers' attention. Compared with wood, advantages of the bamboo are demonstrated as follows: (1) faster growth speed, (2) high specific strength, (3) high specific rigidity, and (4) lower water swelling ratio [8] [9] [10] . e bamboo is convenient to be locally obtained in China, which has characteristics as saving costs, environmental friendliness, and recyclability [11] [12] [13] . However, the mechanical properties of the raw and unprocessed bamboo material are unstable, with large discreteness [14] . Many inevitable defects can also be found in the unprocessed bamboo material, which results in a poor durability [15] [16] [17] . To utilize the advantages of the raw bamboo and improve its material stability and performance, kinds of bamboo engineering material, including laminated bamboo [18, 19] and reconstituted bamboo [20, 21] , have been proposed and studied, which are beneficial to reduce the material discreteness and enlarge practical applications of the bamboo [22] .
Inspired by the research studies on CLT, an upgraded cross-laminated bamboo is proposed in this paper, which has characteristics as uniform mechanical and physical properties due to orthogonal layup. Failure modes and flexural performance of three groups of the one-way CLB slab, a total of fifteen slab specimens, were discussed. Similar to generic CLT, the excessive deflection is prone to be found in the CLB under the out-of-plane loading [6] , which makes the design controlled by the structural stiffness [23] , limiting its structural application and wasting a large amount of strength capacity. erefore, to further improve the practical utilization of the proposed CLB, strengthening techniques [24] [25] [26] [27] are recommended, which are of important necessity. In wood structures, strengthening techniques include prestressed steel bar [24] , carbon fiber-reinforced polymer (CFPR) sheet [28, 29] , glass fiber-reinforced polymer (GFRP) sheet [30] , and CFRP bar [31] . Wei et al. conducted a series of tests to study the effect of the steel bar and FRP sheet on the flexural performance of the bamboo scrimber beams [8] . Test results showed that the application of the fiberreinforced polymer can be effective in improving the flexural performance of bamboo beams.
However, existing strengthening techniques with only one main force direction for wood structures are regarded as not suitable for CLBs with orthogonal force directions. A promising strengthening technique via FRP grids has been extensively investigated in concrete [32, 33] , and it attracts the authors' attention in applying it to the CLB. e major concern is to achieve a good bond behavior between the FRP grids and CLB. In this paper, CFRP grids with high elastic modulus were considered, and two manufacturing process were adopted for applying CFRP grids to the CLB slab: (1) press the CFRP grids in the layer of the CLB slab and (2) press the CFRP grids in the interface of adjacent layers. e strengthening effectiveness of the CFRP grids on the CLB slab via different manufacturing processes was further evaluated.
Material

Bamboo Scrimber.
Bamboo scrimber is a new type of engineering material, featured as having high material efficiency for utilizing almost 80% of raw bamboo inputs [34] . e process of the bamboo scrimber includes the following: (1) saturate the crushed moso bamboo strips with twocomponent polyurethane adhesive; (2) hot-press under a temperature of 140°C and a pressing rate of 1 minute to 2 minutes per millimeter; and (3) hot-cure and polish. e adopted process technology maintains the fibers' longitudinal direction and retains the basic characteristics of the bamboo. In this paper, the bamboo scrimber was manufactured by Hangzhou Dasuo Technology Co., Ltd., and had an average bulk density of 1200 kg/m 3 .
Until now, no material test standard and codes have been published for bamboo scrimbers in China; therefore, the tensile, compressive, and flexural material tests on the bamboo scrimber were conducted based on the standards for measuring wood properties [35] [36] [37] , and the dimensions of the tension specimens are shown in Figure 1 . A total of ten tension specimens were prepared for measuring tensile properties parallel to grain and tensile properties perpendicular to grain, respectively. Each type of test contained five tension specimens. e tensile test was concentrically tested by the WDW-100E electronic universal testing machine depicted in Figure 2 , and the test results related to tensile tests are listed in Table 1 . e ultimate tensile stress parallel to grain (f ta ) and elastic modulus parallel to grain (E ta ) of the bamboo scrimber are 47.45 MPa and 17.95 GPa, respectively. e ultimate tensile stress perpendicular to grain (f tb ) and elastic modulus perpendicular to grain (E tb ) of the bamboo scrimber are 7.86 MPa and 3.75 GPa, respectively. e failure of the bamboo scrimber under tension includes tension rupture and shear-tension failure in the weakened region.
Referencing GB/T 1935-2009 ''Method of testing in compressive strength parallel to grain of wood" [38] and GB/T 1939-2009 ''Method of testing in compression perpendicular to grain of wood" [39] , the dimensions of the compression specimens are shown in Figure 3 . A total of ten compression specimens were prepared for measuring compressive properties parallel to grain and compressive properties perpendicular to grain, respectively. Each type of test contained five compression specimens.
e compressive test was also tested by the WDW-100E electronic universal testing machine depicted in Figure 4 , and the test results related to compressive tests are listed in Table 1 . e ultimate compressive stress parallel to grain (f ca ), elastic modulus parallel to grain (E ca ), ultimate compressive stress perpendicular to grain (f cb ), and elastic modulus perpendicular to grain (E cb ) of the bamboo scrimber are 107.99 MPa, 21.55 GPa, 51.64 MPa, and 6.37 GPa, respectively. For the compression parallel to grain, the failure modes of the bamboo scrimber mainly are bond failure and local shear failure, as shown in Figure 5 (a), and the former failure mode is mainly caused by processing quality problems such as uneven dipping and hot pressing. For the compression perpendicular to grain, the failure modes of the bamboo scrimber mainly are split and shear failure, depicted in Figure 5 (b), regarded as brittle failure.
Fiber-Reinforced Polymer.
Fiber-reinforced polymer has been extensively investigated, types of which include aramid, glass, carbon, basalt, and graphite [8] . Among various fiberreinforced polymers, carbon fibre-reinforced polymer (CFRP) has been popular in recent years because of its excellent in-plane mechanical properties (such as stiffness and strength) and lightness [40] . Based on this, the CFRP is selected to form a grid network in this study, recognized as CFRP grids [41] , which was fabricated by Nanjing Nortai Composite Material Equipment Manufacturing Co., Ltd. e adopted CFRP grids have three epoxy resin-glued layers in the longitudinal direction and two epoxy resin-glued layers in the transverse direction. e thickness and width of the single layer of CFRP reinforcement are about 0.7 mm and 7 mm, respectively. Based on ACI 440.3R-04 "Guide Test Methods for Fiber-Reinforced Polymers (FRPs) for Reinforcing or Strengthening Concrete Structures" [42] , the uniaxial tensile tests were conducted on two layers and three layers of CFRP reinforcements via the WDW-100E electronic universal testing machine at a loading rate of 0.01 kN/ s, respectively, and each series of CFRP tension specimens had five specimens. e dimension and test setup for CFRP tension specimens are shown in Figures 6 and 7 , respectively. e average ultimate tensile stress and modulus of elasticity for two-layer CFRP and three-layer CFRP are listed 
Experimental Program
Specimen Preparation.
ree groups of one-way crosslaminated bamboo (CLB) slabs and two groups of one-way CLB slabs strengthened with CFRP grids are discussed in this paper. Each group consisted of five test specimens with identical parameters to take the material deviation and fabrication discreteness into consideration, which demonstrated that a total of twenty-five test specimens were studied.
e key experimental parameters include the thickness of the layer, number of layers, CFRP grids, and corresponding manufacturing processes.
Details of One-Way CLB Slab.
e dimensions and details of three groups of one-way CLB slabs, recognized as CLB-A, CLB-B, and CLB-C, are shown in Figure 9 and listed in Table 3 . In group CLB-A, the one-way CLB slab is composed of five 20 mm layers (t 1 � t 2 � 20 mm). In group CLB-B, the one-way CLB slab has seven layers. e thickness of outermost layers is t 1 � 20 mm while the thickness of middle layers is reduced to t 2 � 12 mm. For group CLB-C, the one-way CLB slab is composed of five 12 mm layers (t 1 � t 2 � 12 mm). e dimensions of groups CLB-A and CLB-B are designed as 1800 mm in length (l), 600 mm in width (b), and 100 mm in thickness (t), while the dimensions of group CLB-C are designed as 1800 mm in length (l), 600 mm in width (b), and 60 mm in thickness (t). In Table 3 , the numbers 1-5 denote the five specimens with identical parameters in each group.
Details of One-Way CLB Slab Strengthened with CFRP
Grids. In order to conveniently analyze the contribution of the CFRP grids for the flexural performance of the one-way CLB slab, the dimensions of the two groups of one-way CLB slabs strengthened with CFRP grids, designated as CLB-I and CLB-M, are kept the same with the groups CLB-A and CLB-C, respectively. e dimensions and details of one-way CLB slabs strengthened with CFRP grids are depicted in Figure 10 and presented in Table 4 .
ere are two strategies in composing the CFRP grids into the one-way CLB slab: (1) placing the CFRP grids into the bottom layer and hot-pressing both of the CFRP grids and bottom layer into an integrated whole, recognized as manufacturing process I, and (2) placing the CFRP grids between the bottom layer and penultimate layer and gluing and hot-pressing the CFRP grids and one-way CLB slab together, recognized as manufacturing process M. As mentioned in Section 2.2, the CFRP grids have three glued layers in the length direction and two glued layers in the width direction. e spacing of the CFRP grids is chosen as 50 mm × 50 mm.
Specimen Fabrication Process. As shown in Figures 9
and 10, the CLB slab is glued by multiple bamboo layers, and the angle between two adjacent layers is 90 degrees in terms of the bamboo fibers' arrangement direction. e bamboo fibers parallel to grain are designed as the length direction of outermost layers (top and bottom layers) in the one-way CLB slab. All CLB slabs were fabricated in Hangzhou Dasuo Technology Co., Ltd., China. e main processes of the oneway CLB slab and CLB slab strengthened with CFRP grids are shown in Figure 11 .
Test Protocol.
All twenty-five one-way CLB slab specimens strengthened with or without CFRP grids were tested under a four-point monotonic loading configuration until failure, as demonstrated in Figure 12 . Before the formal loading, a 10 kN preload was applied to the specimen and was sustained about 3 minutes to verify the workability of the equipment. en, the specimen was loaded at a loading rate of 5 kN per minute until failure. All slab specimens had a Advances in Civil Engineering clear span, L, of 1700 mm (distance between two supports) and a shear span, L s , of 550 mm (distance from the support to the nearest loading point). e layout of strain gages and displacement transducers is shown in Figure 13 , which is same in all specimens. A total of five displacement transducers were adopted. Two displacement transducers were installed at the supports to monitor the vertical displacement of the slab specimen at the position of supports due to the flexural deformation. Two displacement transducers were employed at the loading points to monitor the displacements of loading points, and one displacement transducer was placed in the middle of the slab specimen to monitor the midspan displacement. e data of displacements obtained from the positions of supports and midspan were collected for calculating the clear deflection at the midspan of the slab specimen.
As shown in Figure 13 , three strain gages were attached on the top and bottom slab surfaces at the midspan cross section to measure the tensile and compressive strains. Six equally spaced strain gages were attached on the side slab surface to monitor the strain variation along the slab thickness and change in height of the neutral axis. e load applied by the actuator was transferred from the forcetransferring beam to the slab specimens, values of which were directly recorded by the testing machine. All data of displacements and strains were automatically collected by the KD7024 static strainmeter.
Test Results and Discussions
Experimental Observations and Failure Modes.
e experimental observations and failure modes of one-way CLB slabs and CFRP grid-strengthened CLB slabs are depicted in Figures 14 and 15 , respectively.
For the one-way CLB slab without CFRP grids, the typical failure process is demonstrated by taking group CLB-A with five 20 mm layers as an example. e deflection of the slab specimen slowly developed until the proportional limit. e small noise of the fracture of bamboo fibers was heard at the load of 100 kN, and small cracks were observed at the 
Note. t 1 is the thickness of the outermost layer, as shown in Figure 9 ; t 2 is the thickness of the middle layer, as shown in Figure 9 ; N l is the number of layers in one CLB slab. Advances in Civil Engineering bottom surface of the slab specimen at the position of loading point or midspan. With the further increase of load, both displacement and cracks gradually grew. Until the ultimate load, the bottom layer (parallel grain layer) of the slab specimen first fractured near the loading point, accompanied with a big sound, because the strain in the bottom layer reached the ultimate tensile strain of the bamboo fiber. en, the penultimate layer (perpendicular grain layer) almost fractured at the same time due to the significantly low ultimate tensile stress compared with parallel grain layer. e cracks traced along the interface between the penultimate and third layers and propagated to the middle of the third layer. Similarly, the second layer is the perpendicular grain layer, which almost failed same as the third layer. Finally, the top layer fractured, showing the failure of the slab specimen. As shown in Figure 14 , the fifteen one-way CLB slab specimens without CFRP grids had the similar failure process which was regarded as the tensile brittle failure.
For the one-way CLB slab strengthened with CFRP grids, different failure processes are obtained from groups CLB-I and CLB-M with different manufacturing processes of CFRP grids. As shown in penultimate layer was found around the load of 25 kN, and the rest of the four layers gradually fractured with the increase of the load. e local drawing of failure of the slab specimens depicted in Figure 16 is to show some detailed failure positions observed in slab specimens. e separation of adjacent elements in the perpendicular grain layer was found, as shown in Figure 16 (a). Accompanied with the fracture of slab layers, the debonding between the adjacent bamboo layers could be also found in Figure 16 
Load-Displacement Relationship.
e load-midspan displacement curves of CLB slabs without CFRP grids, including groups CLB-A, CLB-B and CLB-C, are shown in Figure 17 . It is obvious that the initial stage of CLB slab specimens without CFRP grids was almost linear until the elastic limit. e nonlinear behaviors were gradually found with the increase of midspan displacement, which resulted in a slow reduction of cross-sectional rigidity. e nonlinear segments in the load-midspan displacement curves of the CLB slab specimens mainly lied on the plastic compression capacity of the bamboo scrimber. e load-midspan displacement curves obtained from slab specimens CLB-A2, CLB-B2 and CLB-C4, closest to average values of the three groups, are compared in Figure 17(d) . Comparing slab specimens CLB-A2 with five 20 mm layers and CLB-C4 with five 12 mm layers, the midspan displacements of the slab specimen with thicker layers were significantly smaller than the midspan displacements of the slab specimen with thinner layers under an identical load, which demonstrated a larger cross-sectional rigidity in the slab specimen with thicker layers. Comparing slab specimens CLB-A2 with five layers and CLB-B2 with seven layers, the midspan displacements of the slab specimen with more layers were similar to those of the slab specimen with fewer layer under the same load while both specimens had the same total thickness. e ductility of the slab specimens CLB-A2 and CLB-B2 with same total thickness was almost the same but was significantly smaller than that of the slab specimen CLB-C4 with smaller total thickness. e load-midspan displacement curves of CLB slabs strengthened with CFRP grids, including groups CLB-I and CLB-M, are shown in Figure 18 . Similarly, the initial stage of CLB slab specimens strengthened with CFRP grids was almost linear until the elastic limit. As shown in Figure 18 (a), the significant improvement in the ductility of CLB slab strengthened with CFRP grids via manufacturing process I discussed in Section 3.1.2 was obtained compared with slab specimen CLB-A2 without CFRP grids. By introducing the CFRP grids via manufacturing process I, the midspan displacements of the slab specimen became smaller than those of the slab specimen without CFRP grids under an identical load. e cross-sectional rigidity of the slab specimen was thus found to be increased by the existence of the CFRP grids. Besides, the significant decrease of the midspan displacement near failure of the slab specimen is caused by the deviation of the displacement transducer away from the original position, as shown in Figure 18(a) .
As depicted in Figure 18(b) , the application of CFRP grids via manufacturing process M did not improve the flexural performance of the CLB slab specimen when comparing the slab specimen CLB-C4 and group CLB-M. Contrarily, the existence of the CFRP grids in the interface of two adjacent layers degraded the ductility of the CLB slab. e above phenomenon can be explained by the early bond failure between the CFRP grids and the bamboo scrimber layer as described in Section 4.1.
Load-Carrying Capacity.
e measured ultimate loads of all tested slab specimens and the calculated average ultimate loads of each group are listed in Table 5 . Because the influence of shear-span ratio on ultimate flexural bearing capacity can be neglected [43] , this influence is not considered in the following comparison. e average ultimate load obtained from group CLB-C with five 12 mm layers is adopted as the reference value to evaluate the variation in the load-carrying capacity of slab specimens of different groups. Compared with group CLB-C, the groups CLB-A with thicker layers and CLB-B with more number of layers have achieved an efficient increase in ultimate load ranging from 115.5% to 165.1%. It can be found that the ultimate load of the CLB slab without CFRP grids increased with the increase of thickness of each layer and number of layers. e average ultimate loads of group CLB-I and CLB-M are 197.4 kN and 44.3 kN, which correspond to a maximum increase of 235.7% and a decrease of 24.7%, respectively. e application of CFRP grids via manufacturing process I (pressing the CFRP grids in the bamboo layer) provided the highest improvement for the average ultimate load. For the application of CFRP grids in the interface between the bottom layer and penultimate layer, a 10% increase in the loading-carrying capacity was found in slab specimens CLB-M1 and CLB-M5, in which the bond failure first occurred at the interface of CFRP grids and bottom layer. However, in slab specimens CLB-M2, CLB-M3, and CLB-M4 with failure mode of the direct bond failure at the interface of CFRP grids and penultimate layer, the load-carrying capacity reduced about 50%. Different interfaces, where the bond failure first occurred, affected the load-carrying capacity significantly.
Load-Strain Curves.
e load-average strain relationships of slab specimens are shown in Figure 19 . e tensile strain is recognized as the positive strain, which is calculated as the average value of the three strain gages attached on the bottom layer of the slab specimen. e compressive strain is defined as the negative strain, which can be obtained from the average value of the three strain gages bonded on the top layer of the slab specimen. In all slab specimens, the average strain in both tensile and compressive regions almost linearly increased with the increase of the load in the initial loading stage. Only slight nonlinearity was observed in the latter stage. Besides, the diversity of strain values obtained from different slab specimens in the same group is mainly caused by the material dispersion and local defects. As shown in Figure 19(c) , the strains were abruptly changed when the bottom layer was fractured, and then the strains increased again with the load until failure. e average ultimate tensile and compressive strains of bamboo fibers at the bottom and top surfaces are listed in Table 5 . e average ultimate tensile strains of the slab specimens without CFRP grids range from 2563 με and 3338 με, and the average compressive strains range from 2924 με and 3395 με. e average ultimate tensile and compressive strains of the slab specimens strengthened with CFRP grids range from 2083 με to 3527 με and from 3557 με to 5063 με, respectively. In general, the ultimate compressive strain was more than the ultimate tensile strain in all slab specimens. Comparing groups CLB-A and CLB-I, the average ultimate compressive strain of the latter was 48.3% higher than the former, which demonstrated that the compressive region was utilized with more efficiency due to the employment of CFRP grids pressed in the bamboo layer. Furthermore, the average ultimate compressive strains of groups CLB-C and CLB-M were 3156 με and 3557 με, respectively. e improvement in utilizing the compressive region via pressing in the interface was not significant.
Strain Distributions and Neutral Axis.
e strain distributions along the slab thickness at the midspan cross section of representative slab specimens are shown in Figure 20 . Similar to Figure 19 , the positive strain is adopted as the tensile strain and the negative strain is the compressive strain. e ordinate of the curve is defined as the distance between the strain gage and bottom surface. For all representative slab specimens, the distributions of tensile strains and compressive strains are relatively symmetric. In the direction of slab thickness, the strain variation is almost linear until failure, which means that the plane cross section assumption in bending is acceptable for the one-way CLB slab and one-way CLB slab strengthened with CFRP grids in bending. e neutral axes of slab specimens vary within the limited range near the middle height of the slab cross section.
Comparing the elastic stage and the ultimate stage of the CLB slab specimens without CFRP grids, the neutral axis almost remained unchanged during the whole loading history, and only a slight upward trend of the neural axis was observed. is phenomenon demonstrated that the position of the neutral axis of the CLB slab specimen without CFRP grids was not affected by the thickness of each layer and number of layers. e slight upward movement of the neutral axis was caused by the fracture of bamboo fibers in the tension region.
As listed in Table 6 , the neutral axis of the group CLB-I is lower than that of group CLB-A, and the position of the neutral axis of the group CLB-I gradually moved downward with the increase of load before failure of the bamboo layer in the bottom layer, which demonstrated that the CFRP grids sustained part of the tensile force. e existence of the CFRP grids resulted in a redistribution of stress in the cross section, and sufficient compressive behaviors in the compression region were activated. After the fracture of the bamboo fibers in the bottom layer, the neutral axis of the group CLB-I slightly moved upward.
Theoretical Analysis
Serviceability Limit State.
According to the Chinese code GB 50005-2017 "Standard for design of timber structures" [44] , the displacement limit of the slab that corresponds to the Figure 18 : Load-midspan displacement curves of CLB slabs strengthened with CFRP grids. 12 Advances in Civil Engineering serviceability limit state is prescribed as L/250, where L is the clear span of the slab between supports, 1700 mm in this paper. e average loads of groups CLB-A, CLB-B, and CLB-C at the midspan displacement of L/250 were 42.02 kN, 46.91 kN, and 9.84 kN, respectively. It is obvious that the load at the serviceability limit state increased with the increase of the layer number and layer thickness. e average loads of groups CLB-A, CLB-B, and CLB-C at the midspan displacement of L/250 were 61.64 kN and 8.93 kN, respectively. It is found that the CFRP grids pressed into the bottom bamboo layer can improve the load at the serviceability limit of the slab specimen significantly, but the CFRP grids bonded in the interface decreased the load at the serviceability limit.
Flexural Load-Carrying Capacity.
Until now, no relevant standards and codes have been published for CLB slabs; therefore, the calculation of the flexural load-carrying capacity of the CLB slab can be referred to similar calculations of cross-laminated timber in Chinese code GB 50005-2017 "Standard for design of timber structures" [44] . e calculations of the flexural stress and effective crosssectional rigidity are based on plane cross section assumption which is proved by the strain distribution along the slab thickness in Section 4.5. For simplicity, only layers parallel to grain are taken into consideration. e effective cross-sectional rigidity, EI eff , is obtained based on the following equations: Note. P is the applied load; t l is the distance between the neutral axis and the bottom surface; t is the slab thickness.
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where E i is the modulus of i th layer parallel to grain, N/mm 2 ; I i is the cross-sectional moment of inertia of i th layer parallel to grain, mm 4 ; A i is the cross-sectional area of i th layer parallel to grain, mm 2 ; e i is the distance between the centroid of i th layer parallel to grain and centroid of the CLB slab, mm; b is the width of the slab, mm; t i is the thickness of i th layer parallel to grain, mm; and n is the number of layers parallel to grains. Furthermore, the flexural load-carrying capacity of the CLB slab can be calculated based on equation (4) when the span of the slab is more than 10 times the slab thickness, t:
where E l is the elastic modulus of the outermost layer parallel to grain, N/mm 2 ; f ta can be obtained from the ultimate tensile stress parallel to grain via coupon tests; and M is the cross section moment and is calculated as PL s /2. Based on above equations (1)-(4), the maximum tensile stress at failure can be calculated, and the comparisons between the calculated maximum tensile stress at failure and measured maximum tensile stress at failure are listed in Table 7 . However, only groups CLB-A, CLB-B, and CLB-C were involved in this paper, while the groups CLB-I and CLB-M were not discussed. e main reasons are mainly explained as follows: (1) for group CLB-I, the difficulty in determining the position of CFRP grids after pressing process makes the contributions of CFRP grids for the flexural load-carrying capacity difficult to be analytically defined and (2) for group CLB-M, the unexpected bond failure occurred. Future studies will focus on the analytical model of CLB slab strengthened with CFRP grids while accurately controlling the position of CFRP grids in the CLB slab. Obviously, the accuracy of the proposed analytical method for calculating the flexural load-carrying capacity of the CLB slab is acceptable.
Conclusions
In this paper, five groups of one-way CLB slab specimens strengthened with or without CFRP grids, a total of twenty-five specimens, were tested under a four-point monotonic loading configuration until failure. e flexural performance of slab specimens was analyzed based on load-displacement relationship. Strain distributions in the tension and compression regions and along the side surface were monitored. Main conclusions are summarized as follows:
(1) For CLB slabs without CFRP grids, the failure initiated from the bottom layer near the loading point due to the strain in the bottom layer reaching the ultimate tensile strain and immediately propagated to adjacent perpendicular grain layer until the full failure of the CLB slab, which is regarded as tensile brittle failure. For CLB slabs strengthened with CFRP grids, different manufacturing processes resulted in different failure modes. (2) Based on the test results, the ultimate load of CLB slabs without CFRP grids increased with the thickness of the layer and number of layers. e application of CFRP grids via pressing it into the bamboo layer significantly increased the ultimate load of slab specimen, but the CFRP grids bonded in the interface of adjacent layers negatively affected the loadcarrying capacity. (3) Based on strain analysis obtained from tension and compression regions, the linear tensile and compressive strains were observed in the initial loading stage, and the ultimate compressive strain was generally more than the ultimate tensile strain. Compared with CLB slabs without CFRP grids, a higher ultimate compressive strain was observed in CLB slabs strengthened with CFRP grids pressed in the bamboo layer, which demonstrated that the compressive region was utilized with more efficiency. Based on strain distributions along the slab thickness, the plane cross section assumption in bending is acceptable for the CLB slab with or without CFRP grids. (4) e load at the serviceability limit state increased with the increase of the layer number, layer thickness, and CFRP grids pressed in the bamboo layer but decreased due to CFRP grids bonded in the interface. e analytical method related to flexural load-carrying capacity was proposed for CLB slabs without CFRP girds, the accuracy of which was proved.
Data Availability
All data used to support the findings of this study are available from the corresponding author upon request. Note. P u is the measured ultimate load, as listed in Table 5 ; M max is the maximum cross section moment; σ c is the calculated maximum flexural stress based on equation (4); ε max is the average measured maximum strain, as listed in Table 5 ; E p is the elastic modulus parallel to grain under tension; σ a is the measured maximum flexural stress at failure, calculated as E p ε max ; Δ is the error of the calculated maximum flexural stress compared with measured maximum flexural stress.
